Abstract. The atomic orbital close coupling approach has been used to compute a comprehensive data set for proton-impact excitation of atomic hydrogen owing to the need for complete data for motional Stark effect spectroscopy of fusion plasmas enabled by neutral beam injection.
Introduction
Fusion plasma diagnostics such as charge exchange recombination spectroscopy, beam emission spectroscopy, and motional Stark effect spectroscopy, can determine parameters such as field strength, temperature, density, and magnetic field orientation and are therefore of great importance. These diagnostics, in turn, depend critically on the existence and accuracy of atomic data for charge transfer and excitation. In particular, collisional-radiative models need not only cross sections for atomic collisions but also the full set of density matrix elements [1, 2] . The data needed for such modeling underpinning motional Stark effect (MSE) diagnostics, the subject of the present work, includes the density matrix elements for excitation of atomic hydrogen (from neutral beam injection) by plasma protons, fusion alpha particles, and ions of the most significant impurities, beryllium and carbon.
As a contribution to the IAEA Coordinated Research Program on data for light ions, comprehensive atomic orbital close coupling (AOCC) calculations for H + + H were made. These calculations were needed not only to be able to cover the entire relevant collision energy range (400 eV to 2 MeV) with a fine energy mesh spacing that was not available from data in the literature, but because the collisional-radiative modeling of the MSE required calculation of the density matrix elements, which were essentially completely lacking. The AOCC data, plus results from the Glauber approximation for higher levels (n>4), were used to analyze population distributions for excited magnetic sublevels under typical conditions of existing and future fusion devices [2] .
Here, description of the AOCC results for excitation to the n=2 states is made to document the computational procedure adopted and to convey new insight into the behavior of these fundamental cross sections. Toward that end, comparison is made with some of the most reliable, recent, independent data. The entire AOCC+Glauber density matrix data set will be described in a future publication as will analogous data produced for He 2+ , Be 4+ , and C 6+ + H excitation.
The AOCC method and procedure used
The AOCC method is the most reliable of the commonly used methods to calculate transition probabilities, cross sections, or density matrix elements for inelastic ion-atom collisions in the intermediate-to high-energy regime (see, e.g., the review by Fritsch and Lin [3] ). In this method, the time-dependent electronic wavefunction is expanded in terms of functions such as those of the atomic orbitals of the isolated target atom and projectile ion, or other functions such as Gaussians or Sturmians, that may span not only the bound states but also the continuum. We adopt the AOCC with pseudostates method of Kaung and Lin [4, 5] , an approach we have used recently to study excitation and charge transfer in H + + H(2s) collisions [6] and for charge transfer in He 2+ , Be 4+ + H [7, 8] , and H + + He + and He 2+ + Li 2+ [9] collisions, in comparison with results of other methods, the classical trajectory Monte Carlo and lattice, time-dependent Schrödinger equation methods.
There are two principal computational or mathematical issues that limit the accuracy of the AOCC approach adopted. The first is basis set size. Generally, as many basis states as possible provide a more physically realistic space within which to solve the time-dependent Schrödinger equation, involving the coupling by the ion-atom interaction of many open channels of excitation, charge transfer, and ionization. Practically, numerical integration becomes extremely difficult in certain regimes, in particular, for large numbers of states at low collision energy. Thus, we use the largest basis set practical at the highest energy, and then decrease its size incrementally as lower impact energies are considered. In the present work, the largest basis set (denoted "basis 6") has all target H atom s states from n=1 to 13, all p states from n=2 to 13, all d states from n=3 to 13, all f states from n=4 to 13, and all g states from n=5 to 9. The higher lying states (n>7 for s states and n>6 for p, d, f, and g states) are of positive energy and therefore lie in the two-center pseudocontinuum.
To avoid the second, mathematical, difficulty, the basis set is chosen to be somewhat different on the other center, the H + projectile, to avoid unphysical behavior arising from the symmetry of the collision system. Therefore for basis 6, the projectile center has states with a lower upper limit in n (i.e., n=1,11 for s, n=2-11 for p, n=3-11 for d, n=4-9 for f, and n=5-7 for g states, with the same states as for the target center in the pseudocontinuum). By the lowest impact energy considered, five additional, progressively smaller basis sets were employed, the smallest having only bound states on the target (1s-5f) and projectile (1s-4f).
To further reduce the basis-set dependent unphysical oscillations of the resulting cross sections, we repeat the calculations with the basis states reversed on the two centers, for example, the states that were on the target in basis 6 are moved to the projectile and vice versa to produce what we denote basis 6', and the two results are averaged. The effect of this procedure is illustrated in Figure 1 , showing a portion of the impact energy dependence of the 2s excitation cross section (i.e., one element of the density matrix along the diagonal). The figure shows the use of basis sets 6 and 6' at high energies, giving way to basis set pairs 5 and 5', 4 and 4', and 3 and 3', successively at lower energies. For example, basis sets 6 and 6' are used from the highest impact energy down to 40 keV, basis sets 5 and 5' are used for energies beginning just above this point, etc., demonstrating a reasonable concordance of results as the basis sets are decreased in size in small overlapping ranges of energies. The solid lines in this figure show the average of the results from pairs of basis sets, illustrating the reduction in oscillations where the two results do not agree, and connection of the averages as transition from one pair of basis sets to the next is accomplished. Corroboration of this method of averaging the results from the pairs of basis sets comes from supporting calculations made using the lattice, time-dependent Schrödinger equation (LTDSE) method [10] . This method is in principal more accurate and more controllably convergent than the present AOCC approach, but requires a much greater computational effort and therefore has not to this point been practical for such comprehensive calculations. The H(2p) excitation probability as a function of impact parameter computed via the LTDSE method using a modest grid size of 200 3 points utilizing Fourier collocation is shown in Figure 2 for 25 and 100 keV proton impact in comparison with results from the pairs of AOCC basis sets used here. The figure shows that one or the other of the AOCC basis sets typically overestimates or underestimates the excitation probability in the small to intermediate impact parameter range. Thus, averaging the results of the two basis sets accounts for this in an approximate but effective way. In the following sections the results for excitation of the 2s and 2p states are described and comparison is given with what we believe to be the most accurate independent calculation in the literature. Analogous results have been obtained for n=3 and 4, with somewhat greater possibility of remaining unphysical oscillation of the cross sections with impact energy. As noted above, a subsequent paper will document the full density matrix results from these calculations along with those for higher n levels from the Glauber approximation required for the collisional-radiative modeling of neutral beam effects in fusion plasmas. Figure 3 displays the full range of data produced for energies between 400 eV and 2 MeV from the pairs of basis sets along with their average. It is not possible from the present result alone to determine if the small oscillations above about 50 keV that remain after the averaging are physical or not, but the large oscillation near 5 keV is confirmed by many previous calculations, with the one near 500 eV possibly being newly noted. The origin of the physical oscillations has been explained as coming from the oscillation of electronic probability density that is 'cut off' on one center or the other depending on the impact velocity [11] . To corroborate the accuracy of the results, comparison is made in Figure 4 with the best available results in the literature, those from the Sturmian AOCC approach of Winter [12] . Winter has also employed several successively larger basis sets to demonstrate the degree of convergence with basis size, ranging from 24 to 280 states, the largest of which is roughly comparable to the number of states in the present largest basis sets. As the figure shows, there is very good overall agreement between Winter's results with the larger basis sets and the present connected average data. For large impact energies, Winter's results do not show the oscillations that the present results show but it would be interesting to have his results at a large number of energies to see if any evidence of them appears. For lower energies, his 220 state calculation coincides almost entirely with the present connected average results. Also shown in the figure is the recommended data from Janev and Smith [13] for this cross section. The recommended curve falls below the present results and that of Winter at energies below 500 keV and underestimates the peak of the cross section and the 5 keV peak. Thus, in light of the present calculations and those of Winter, the recommended curve should be updated. 
Excitation to H(2s)

Excitation to H(2p)
Results for excitation to H(2p) are given in Figure 5 , showing the raw results for the pairs of basis sets and the connected average curve. Because of the significant deviation of one of the basis set results near 5 keV, which would have made it very difficult to make a smooth connection between results at the nearby transition from one pair to the next, one basis set was adopted in favor of taking the average in that energy range. Additional results from other methods might help shed light on the best representation of the behavior of the cross section in this regime once available. Results from Winter's [12] calculations are available for the 2p 0 and 2p 1 states at higher energies as shown in Figure  6 , again showing substantially very good agreement with the present results. As before, Winter's results show less oscillation at a fine scale, but are not free of oscillations either. Figure 7 shows the sum of the 2p 0 and 2p 1 results for comparison with more of Winter's data and the recommended curve of Janev and Smith [13] . This figure shows excellent agreement between the two AOCC methods and how the recommended curve again requires updating in light of the newly available results. Results summed over magnetic quantum number for n=2 excitation compared with results from Winter [12] and the recommended curve of Janev and Smith [13] .
Matrix elements
As described above, the density matrix elements are required for the collisional-radiative modeling of neutral hydrogen beams in fusion plasmas. Because we find better overall agreement with other calculations, including the LTDSE results, by using the connected successive unprimed basis sets (basis sets 6, 5, 4, 3) we utilize these to provide the density matrix elements. This has been done because the density matrix elements vary more rapidly than the cross sections as a function of energy and can have both positive and negative real and imaginary parts, so averaging the primed and unprimed basis set results could result in less smooth variation than selecting the more reliable sequence of basis sets.
In addition, we have checked that the density matrix elements do not change dramatically at the changeover points between these basis sets. To illustrate this, for several density matrix elements (for a sample of density matrix elements within and amongst the n=2, 3, and 4 shells), we display in Table  1 their real and imaginary parts for several basis sets, for an energy of 50 keV. In this energy region, there is a changeover between basis 6 and basis 5 and we see from the table that there is generally good agreement between results of these two basis sets. Given this sampling of matrix elements, the aggregate percent difference between results from basis 6 and 5 is about 5.8%. There are, however, cases (such as for Re(211-320)) that have larger differences of 25-35%.
While the results from the smaller basis sets are not used in the energy range where basis sets 6 and 5 are applicable, to illustrate how great the variation would be if we considered smaller basis sets for this energy, the table also includes results from basis set 4. In this case, the average percent difference between the results of basis 6 and 4 is on the order of 16% in this sample. Table 1 . Examples of density matrix elements for 50 keV proton impact of atomic hydrogen computed with successively smaller basis sets. In the energy range near 50 keV, the transition from the largest (basis 6) to second largest (basis 5) basis set is taking place (i.e., they have overlapping applicability). Results from the next smaller basis set (basis 4) are not used in the data set but are shown here for comparison. Just as for the cross sections, the real and imaginary parts of the density matrix elements are given in units of cm 2 .
To illustrate the form and scope of the density matrix elements, in Table 2 we tabulate them connecting the n=1 to 4 states for 60 keV. Note that the diagonal elements are the cross sections for excitation. Table 2 . Density matrix elements (in cm 2 ) connecting the n=1 and 4 states for excitation of H by proton impact at 60 keV from the present AOCC calculation --------------------------------------------------------------------------------n l m n l m matrix elem. n l m n l m matrix elem. n l m n l m matrix elem. ------------------------------------------------------------------------------- 
